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Another type of decreased force production is the residual force depression (rFD) observed following shortening of an activated muscle; that is, the isometric force at a given length is smaller after shortening than in a purely isometric contraction (1, 6, 15) . Compared with the force decrease after eccentric contractions, rFD is short lasting, and it is abolished after a period of zero active force production (9) . It is generally accepted that rFD increases with the size of shortening (1, 6, 9, 15) . On the other hand, it is currently debatable whether the size of rFD is best predicted by the speed of shortening or the force or mechanical work performed during the shortening (10, 13, 14) .
The exact mechanisms underlying the prolonged eccentric contraction-induced force depression, as well as rFD after active shortening, are uncertain. Both types of force depression are considered to involve functional impairments at the level of the sarcomere, but the underlying mechanisms differ. Thus unaccustomed eccentric contractions are associated with myofibrillar damage and disorganized sarcomeres, which require several days for recovery (8, 21) . On the other hand, a frequently used theory to explain the mechanism for rFD is that active shortening causes a stress-dependent distortion to the actin filament, resulting in inhibition of cross-bridge attachment in the newly formed actin-myosin filament overlap zone (14, 17) . The present study was set out to investigate tentative interactions between the two types of force depression. We hypothesized that rFD originates from distortion within the sarcomeres and hence the extent of rFD: 1) is better correlated to the force and work performed during the shortening step, which critically depend on sarcomeric integrity, than to the speed of shortening, which is more dependent on the rate of cross-bridge cycling; and 2) is exaggerated by sarcomeric disorganization induced by eccentric contractions. To test these hypotheses, eccentric contraction-induce force depression was induced by subjects performing repeated drop jumps, which were decelerated by eccentric knee extensor contraction (12) . Force output was measured during electrical stimulation of knee extensor muscle undergoing controlled shortening to induce rFD. We kept the size of the shortening step constant and varied the work performed during shortening by using two different speeds of shortening and two different activation levels during the shortening. The results were in general agreement with our hypotheses: 1) there was a clear positive correlation between the size of rFD and the mechanical work both before and after eccentric contractions; and 2) a given rFD was associated with a markedly lower mechanical work after than before the eccentric contractions.
MATERIALS AND METHODS
Subjects. Nine healthy men participated in the present experiment (mean Ϯ SD: age ϭ 26.0 Ϯ 9.0 yr, body weight ϭ 85.2 Ϯ 9.5 kg, height ϭ 184.8 Ϯ 4.4 cm). The subjects were untrained and did not take part in any formal physical exercise or sport program. Each subject read and signed the written, informed consent form consistent with the principles outlined in the Declaration of Helsinki. The Ethics Committee of Kaunas Medical University approved this study.
Experimental setup. Subjects were seated on a strength-testing machine (System 3 Dynamometer; Biodex Medical System, Shirley, NY), which was set up for right leg flexion/extension exercises. Subjects wore a double shoulder seat belt to stabilize the upper body. The distal ends of the thigh and shank were strapped to the seat and the dynamometer arm, respectively. The rotational axis of the strength-testing machine was aligned with the knee joint axis (i.e., the most prominent point of the lateral epicondyle of the femur). A zero knee angle was defined for the fully extended knee. Throughout the study, all tests were done by the same investigator.
Electrical stimulation of knee extensor muscles. Electrically evoked torque of the right knee extensor muscles were assessed with a Biodex isokinetic dynamometer. Direct muscle stimulation was applied using two carbonized rubber electrodes, covered with a thin layer of electrode gel (ECG-EEG Gel; Medigel). The cathode (6 ϫ 11 cm) was placed transversely across the width of the proximal portion of the quadriceps femoris, whereas the anode (6 ϫ 22 cm) covered the distal portion of the muscle above the patella. The placement of electrodes was marked with a felt-tip pen, and subjects were requested to refresh the lines regularly. A standard electrical stimulator (MG 440; Medicor, Budapest, Hungary) was used. The electrical stimuli were squarewave pulses of 1-ms duration delivered at the highest stimulation voltage possible (150 V), which was chosen to recruit the greatest number of muscle fibers. The subjects were accustomed to electrical stimulation before the experiments began by being stimulated two to three times by a single stimulus at voltages increasing from 90 to 150 V.
Test contractions to evaluate rFD after shortening. Each set consisted of six electrically evoked contractions. First, brief (1-s duration) 20-and 50-Hz isometric contractions were performed. Then followed four 10-s test contractions (see Fig. 3 ), which were separated by 5 min of rest. In the first of these contractions, the muscle was stimulated at 20 Hz at a knee angle of 110°for 2 s, shortened to a knee angle of 60°a t a speed of 30°/s, and the stimulation frequency was increased to 50 Hz for the last ϳ5 s (isometric-concentric-isometric, ICI30; total contraction time 10 s). The stimulation frequency was increased to 50 Hz after the shortening so that force could be directly compared with the isometric force at the same muscle length and contraction duration. The second 10-s contraction was a 50-Hz isometric reference contraction performed at the reference length (60°). The third 10-s contraction was identical to the first, except that the speed of muscle shortening was 60°/s (ICI60). Finally another isometric reference contraction was produced. The rFD during the isometric phase after shortening was measured as the difference in torque between an ICI contraction and the following isometric contraction at 7 to 8 s of stimulation. The extent of rFD was correlated to the mechanical work performed during the shortening step [i.e., W ϭ T ϫ H, where W is work (Joules), T is torque of moment (Nm), and H is angle (rad)]. Before the series of drop jumps (see below), we also studied ICI contractions as described above but with the frequency set to 50 Hz throughout the contraction. This higher frequency resulted in larger mechanical work performed during the shortening and extended the range over which the relation between rFD and mechanical work could be assessed. After the drop jump exercise, we used the prolonged decrease in force production to obtain different mechanical work during shortening at otherwise identical conditions (i.e., same length changes and stimulation frequencies). The decrease in force production after drop jumps is smaller at 50 Hz than at 20-Hz stimulation (see Fig. 1 ), and we, therefore, only assessed the latter contractions after the drop jump exercise.
Drop jumps. The subjects performed 50 drop jumps at an interval of 30 s from the height of 0.4 m with eccentric knee extensor contraction to 90°knee angle, which was immediately followed by a maximal concentric rebound contraction (12) . The knee angle was visually controlled by an experienced investigator, and, if the angle diverged from 90°during the exercise, the subjects were immediately instructed to modify the way the jumps were performed. During the jumps, hands were held on the waist. The subject stepped on 0.4-m high platform with the left leg, i.e., the leg in which the electrically induced muscle contractions were not tested. After each jump, the subjects were informed of the height of the jump and were motivated to perform each jump as high as possible.
Plasma creatine kinase activity. Approximately 5 ml of blood were drawn from vena cubiti media of the arm. Samples were immediately centrifuged and analyzed for creatine kinase (CK) activity using a biochemical analyzer (Arkray Spotchem EZ SP-4430, Menarini Diagnostics).
Muscle soreness. Muscle soreness was assessed using a 10-point scale, where each number has descriptive words for soreness: 0 (none), 1 (very slight), 2 (slight), 3 (mild), 4 (less than moderate), 5 (moderate), 6 (more than moderate), 7 (intense), 8 (very intense), 9 (barely tolerable), and 10 (intolerably intense). Subjects rated the severity of soreness in their quadriceps muscles when performing two to three squats at the start of the daily sessions.
Experimental protocol. Within 1 wk before the start of the experiment, subjects were familiarized to the electrical stimulation. At the day of the experiment, a blood sample for measurement of baseline CK activity was taken. Subjects then performed warm-up exercises, which consisted of 5-min cycling on a cycle ergometer (Monark 834E) at a power output of 80 W at a cadence of 50 -60 rpm, which resulted in a heart rate of 120 -140 beats/min (ϳ70% of maximum). Subjects were then seated in the experimental chair, and, after 5 min, muscle contractile properties were tested as described above. About 5 min later, the drop jump exercise was undertaken. At 5 min, 1, 24, 48, and 72 h after the drop jump exercise, the testing procedure was repeated. CK activity and muscle soreness were determined 24, 48, and 72 h after drop jump exercise.
Statistics. Data are presented as means Ϯ SE, and the number of subjects is nine throughout. Statistical differences after compared with before drop jump exercise were tested with one-way repeated-measures ANOVA, followed by the Holm-Sidak posthoc test. Correlations between rFD and mechanical work were done on mean values using standard linear regression. P Ͻ 0.05 was considered statistically significant. Statistical testing was performed with Sigmastat 3.1 (Systat Software). Figure 1A shows representative isometric torque records from one subject obtained before and 5 min and 72 h after the series of 50 drop jumps. Note the marked force depression immediately after the drop jumps and the limited recovery during 72 h. Accordingly, mean data show markedly decreased isometric torques at both 20-and 50-Hz stimulation after the drop jumps (Fig. 1B) . Moreover, torques evoked at 20 Hz were more reduced than those at 50 Hz, and hence the 20-to-50-Hz ratio was decreased throughout the recovery period (P Ͻ 0.01; Fig. 1C) .
RESULTS
The drop jump exercise resulted in a markedly increased plasma CK activity, which persisted throughout the 72-h recovery period (P Ͻ 0.01; Fig. 2A ). Subjects also reported marked muscle soreness 24 -72 h after the drop jumps (P Ͻ 0.01; Fig. 2B ).
Before drop jump exercise, rFD was observed in all nine subjects after shortening of the quadriceps muscle at both 30 and 60°/s. Representative experimental records from one subject show larger rFD and larger mechanical work during shortening at 30°/s (Fig. 3A) than at 60°/s (Fig. 3B) . This correlation between rFD and mechanical work was a general finding both with an initial stimulation frequency of 20 Hz (as in Fig. 3, A and B) and when the frequency was kept constant at 50 Hz. Thus there was clear correlation between the rFD and the mechanical work performed in ICI contractions (Fig. 3C) ; linear regression analysis of mean values showed a significant correlation between rFD and mechanical work with a slope of 0.37 Nm/J (R 2 ϭ 0.95; P Ͻ 0.05). rFD was also analyzed at various time points after the drop jump exercise. Again there was a clear correlation between the rFD and the mechanical work performed in ICI contractions (Fig. 4) ; linear regression analysis of mean values after drop jumps showed a significant correlation between rFD and mechanical work with a slope of 0.37 Nm/J (R 2 ϭ 0.76; P Ͻ 0.001). Interestingly, data points obtained after the drop jumps lie to the left of those obtained preexercise, which means that the rFD for a given mechanical work was markedly larger after the drop jumps.
DISCUSSION
In the present in vivo study on human subjects, we investigated the relation between two types of force modulation regularly observed in skeletal muscle: the long-lasting force depression seen after unaccustomed eccentric contractions, and the short-lasting rFD observed during the second isometric phase of ICI contractions. Eccentric contractions were per- formed as a series of 50 drop jumps, and this resulted in a marked force depression, especially at low-stimulation frequency, which did not fully recover in 72 h. Our major novel finding was that the extent of rFD was exaggerated after the drop jumps. In other words, eccentric contractions made muscles markedly more susceptible to the force decrease induced by active shortening.
The series of 50 drop jumps resulted in a prolonged depression of isometric force, which was more marked at 20-than at 50-Hz stimulation (see Fig. 1 ) and which was accompanied by leakage of CK out of muscle cells and severe muscle soreness. These findings are in agreement with numerous previous studies (5, 8, 19, 21, 22) , including previous studies from our laboratory using drop jump exercise (12, 23) . The prolonged force depression induced by unaccustomed eccentric contractions is considered to be caused by a combination of defective Ca 2ϩ activation of the cross bridges and disrupted sarcomeres in the myofibrils (20) . A more marked force reduction at lowthan at high-stimulation frequencies can, as a consequence of the force-frequency relationship in muscle, be due to decreased sarcoplasmic reticulum (SR) Ca 2ϩ release and/or decreased myofibrillar Ca 2ϩ sensitivity (2) . In addition, eccentric contraction-induced sarcomere instability can shift the active force-length relationship of muscles toward longer lengths, and this can exaggerate the force depression at low-stimulation frequencies (20) .
rFD was first described more than 60 yr ago (Ref. 1 and references therein) and has since been observed in experiments spanning from single myofibrils (11) to human muscles in vivo (6, 15) . Nevertheless, the exact mechanism(s) underlying rFD remains unclear. It is well established that rFD increases with the magnitude of shortening (1, 6, 9, 15) ; in the present study, we kept the magnitude of shortening constant so that this is not a factor affecting our results. Many studies have shown a correlation between increasing rFD and decreasing speed of shortening (14) , although there are situations when this correlation is not observed (10, 13) . In the present study, we used shortening at 30 and 60°/s. Before drop jump exercise, a correlation between higher mean rFD and decreasing speed of shortening was observed, but only when the level of activation (i.e., stimulation frequency) during the shortening phase was the same (see Fig. 3C ). However, when comparing different activation levels (i.e., 20-and 50-Hz stimulation) during the shortening phase, there was no general correlation between the extent of rFD and shortening speed. A similar picture emerged after the drop jumps: there was a weak tendency for a larger rFD at 30°/s than at 60°/s shortening at individual time points (24 to 72 h after the exercise; see Fig. 4C ), but overall there was no correlation. Thus the shortening speed is a weak predictor of the size of rFD, and hence a direct mechanistic relationship is unlikely (10, 13, 16) .
We observed a good correlation between rFD and the mechanical work performed during shortening both before and after drop jump exercise, which is in agreement with previous studies (10, 13, 14) . It should be noted that we kept the magnitude of shortening constant, which means that our results also show a good correlation between rFD and the mean force during shortening. One commonly used theory to explain the mechanism for rFD is the cross-bridge inhibition theory introduced by Maréchal and Plaghki (17) . According to this theory, active shortening causes a stress-dependent distortion to the actin filament, resulting in inhibition of cross-bridge attachment in the newly formed actin-myosin filament overlap zone. This theory predicts that rFD increases with increasing magnitude of shortening and force, i.e., the mechanical work performed during the shortening step (14) . Thus our present results are in good general agreement with the cross-bridge inhibition theory in that we show a clear correlation between increasing rFD and increasing mechanical work during active shortening, both before and after drop jump exercise, although the extent of rFD was markedly larger after the drop jumps.
The present results indicate that the relationship between rFD and mechanical work after drop jumps is affected by two different mechanisms. First, the slope of the rFD to mechanical work relationship was the same before and after drop jump exercise (0.37 Nm torque per Joule mechanical work), which indicates a common underlying mechanism. Second, lower mechanical work was required for a given rFD after drop jumps (leftward shift of the rFD to mechanical work relationship; see Fig. 4C ), which indicates an additional component being induced by the eccentric contractions. We propose the following model to explain the results.
The linear relationships between rFD and mechanical work before and after drop jump exercise are determined by the force produced during shortening, which is increased by the larger sensitivity (3) from 1 to 72 h after drop jumps. The additional rFD after drop jumps is then caused by sarcomere damage and instability, which would develop during the drop jump exercise and show no measurable recovery within 72 h after exercise. Based on the cross-bridge inhibition theory of rFD (17) , this sarcomeric disorganization might exaggerate the shorteninginduced distortion to the actin filament, resulting in increased inhibition of cross-bridge attachment in the newly formed actin-myosin filament overlap zone.
In conclusion, eccentric contractions result in a long-lasting force depression, especially at low-stimulation frequencies, i.e., the frequencies used by the central nervous system during most activities in vivo (4, 7, 18) . In addition, our results show a marked leftward shift of the relation between rFD and mechanical work after eccentric contractions; in other words, a given mechanical work results in markedly larger rFD after than before the eccentric contractions (see Fig. 4C ). Thus unaccustomed eccentric contractions decrease muscle performance both by inducing a long-lasting general weakness and by exaggerating the transient rFD during dynamic contractions with active shortening. These changes lead to an impaired ability to perform maximal dynamic contractions and to a challenge on the motor nervous system during submaximal contractions requiring high precision.
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